Introduction
============

Colorectal cancer (CRC) is one of the most common malignancies. It is the third leading cause of cancer-related deaths in the United States.^[@bib1]^ The outcome of metastatic CRC patients is disappointing and the 5-year survival rate is \<12%.^[@bib2]^ However, the metastatic mechanism of CRC is still inadequate. It is known that epithelial--mesenchymal transition (EMT) is one of the important cellular phenomena that facilitates metastasis.^[@bib3]^ During the EMT process, cancer cells undergo marked morphological changes via a process that is regulated by Rho family GTPases.^[@bib4]^ When bound to GTP, RhoA/C activates the serine/threonine kinases ROCK (Rho-associated kinase) 1/2. Subsequently, ROCKs activation can orchestrate the architectural arrangement of actin cytoskeleton and/or microtubule network, resulting in alterations in cell adhesion, motility and invasion, and consequently leading to EMT and metastasis.^[@bib5],\ [@bib6]^ Conversely, Rho/ROCKs inactivation may trigger the mesenchymal--epithelial transition via cytoskeleton depolymerization.^[@bib7]^ This inactivation has also been shown to reduce the metastasis and growth of different types of cancers in mice.^[@bib8]^ Thus, Rho/ROCKs signaling has an essential role in the invasion of tumor cells by controlling their morphological changes and metastatic behavior.^[@bib9]^ This highlights the importance of ROCKs activity modulation for cancer treatment. However, it still remains elusive how exactly RhoA/C activates ROCKs.

In our attempt to elucidate this mechanism, we first discovered FOXM1D as a possible regulator of the RhoA/C-ROCKs signaling pathway. Forkhead box M1 (FOXM1) belongs to a large family of conserved transcriptional regulators that are defined by a common DNA-binding domain termed the forkhead box.^[@bib10]^ To date, three primary isoforms of FOXM1 have been identified based on alternative splicing in humans, that is, FOXM1A, FOXM1B and FOXM1C ([Supplementary Figure S1a](#sup1){ref-type="supplementary-material"}). Both FOXM1B and FOXM1C can act as transcriptional activators, whereas FOXM1A appears to function as a transcriptional repressor.^[@bib11]^ In addition, a new alternatively spliced FOXM1 variant FOXM1ΔC with an N-terminus and DNA-binding domain was reported recently in a variety of cancer cell lines.^[@bib12]^ FOXM1 has been found to be aberrantly expressed in nearly all carcinomas.^[@bib13]^ By controlling a panel of target genes involved in cell cycle progression, FOXM1 acts as a potent oncogene that induces mitosis and is thus considered a proliferation-specific transcription regulator.^[@bib14],\ [@bib15]^ Interestingly, recent studies have revealed the importance of FOXM1 in other cellular functions, including invasiveness and angiogenesis, by regulating the expression of matrix metalloproteinase-2/9 and vascular endothelial growth factor.^[@bib16],\ [@bib17]^ FOXM1 has also been shown to upregulate the expression of lysyl oxidase, ZEB1/2 and Slug, consequently leading to reduction the expression of E-cadherin.^[@bib18],\ [@bib19],\ [@bib20],\ [@bib21]^ Therefore, FOXM1 is suggested as an important regulator of EMT and metastasis.^[@bib22]^ Despite these findings, the mechanisms by which different FOXM1 isoforms regulate tumor metastasis require further investigation.

Our further study on FOXM1D demonstrates that a novel isoform of FOXM1 can activate ROCKs by directly binding to these kinases. Moreover, overexpression of ectopic FOXM1D promoted marked cytoskeletal rearrangement and EMT, thus accelerating cancer invasion and metastasis. In colorectal cancer patients, FOXM1D expression significantly correlated with metastasis. Taken together, our results reveal FOXM1D as an important promoter of cancer cell metastasis via ROCKs activation and suggests that FOXM1D could be a potential biomarker or therapeutic target in colorectal cancer metastasis.

Results
=======

Identification of FOXM1D in cancer cells
----------------------------------------

The potential isoforms of FOXM1 were screened utilizing *in silico* analysis. We further identified a novel transcript of *FOXM1* by employing combined non-quantitative semi-nested reverse transcription PCR and GeneRacer PCR methods.^[@bib23]^ In detail, complementary DNA was first obtained from diverse human cell lines using 5\' GeneRacer PCR to amplify only capped transcripts. The first-round PCR product was amplified using forward primer (FP) 1 in exon V and reverse primer (RP) 1 in exon VIII, whereas a second semi-nested PCR was performed with primers FP1 and RP2 in exon VIIa ([Figure 1a](#fig1){ref-type="fig"}). The indicated bands a, b, c and d in [Figure 1b](#fig1){ref-type="fig"} were extracted as the templates for additional semi-nested PCR. The results clearly showed that only bands c or d, but not a or b, could be used to amplify bands e or f, respectively, which represent two splice variants of *FOXM1* ([Figure 1c](#fig1){ref-type="fig"}). Sequencing analysis demonstrated that band f originates from FOXM1 because of its incorporation of exon Va, whereas band e originates from a novel alternative splicing form owing to the absence of exon Va ([Figure 1d](#fig1){ref-type="fig"}). Then, FP2 that starts immediately from the translational initiating codon ATG, and RP3 that ends precisely with the terminal codon TAG, were designed to amplify this potential novel FOXM1 isoform ([Figure 1a](#fig1){ref-type="fig"}). Using PCR amplification followed by clone identification of T-vectors, we successfully isolated this novel FOXM1 isoform, which we termed FOXM1D owing to the absence of exon Va and presence of exon VIIa, and further verified it by sequencing analysis ([Figure 1e](#fig1){ref-type="fig"} and [Supplementary Figure S1a](#sup1){ref-type="supplementary-material"}).

Then we measured *FOXM1D* mRNA levels in a set of colorectal and lung cancer cell lines using real-time PCR. FOXM1D was abundant in SW-620, LoVo and HCT-116 ([Figure 1i](#fig1){ref-type="fig"}) and in Calu-3 and NCI-H1650 ([Supplementary Figure S1b and c](#sup1){ref-type="supplementary-material"}). Interestingly, five FOXM1D high expression cell lines are prone to metastasis.^[@bib24]^ Besides, we also detected *FOXM1A/B/C* mRNA level in colorectal cancer cell lines ([Figures 1f and h](#fig1){ref-type="fig"}). As FOXM1B/C are the main isoforms, which have been studied mostly recently,^[@bib25],\ [@bib26]^ FOXM1C mRNA level is generally not high in the six colon cancer cell lines. Therefore, we used FOXM1B as a control for FOXM1D functional exploration in the following study.

Next, to determine FOXM1B/D protein levels, we generated two polyclonal antibodies, CP11 and CP12 directed against epitopes encoded by exons V--VI and exon VIIa, respectively ([Figure 1j](#fig1){ref-type="fig"}). Therefore, CP11 and CP12 recognize FOXM1B/D or FOXM1A/D ([Supplementary Figure S1a](#sup1){ref-type="supplementary-material"}). We first verified the specificity of CP11 and CP12 antibodies utilizing commercial FOXM1 (K-19) antibody as control by IP ([Supplementary Figure S1d](#sup1){ref-type="supplementary-material"}). The immunoblotting (IB) assay of CP12 demonstrated FOXM1D is basically consistent with high *FOXM1D* mRNA levels in those five cell lines ([Figure 1k](#fig1){ref-type="fig"}, [Supplementary Figure S1e](#sup1){ref-type="supplementary-material"}).

FOXM1D promotes EMT and metastasis in *vitro* and *in vivo*
-----------------------------------------------------------

FOXM1 is known to have a critical role in cell cycle progression.^[@bib13]^ Initially, we determined whether FOXM1D could function as a proliferation-driven oncoprotein ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). As a result, we found that FOXM1D showed less-potent roles in promoting proliferation and tumorigenesis than does FOXM1B ([Supplementary Result](#sup1){ref-type="supplementary-material"}, [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). As the metastatic cancer cells highly express FOXM1D, we studied the role of FOXM1D in metastasis. First, we checked whether FOXM1D would affect EMT. According to FOXM1D expression results ([Figures 1i and k](#fig1){ref-type="fig"}), we chose low-expresser SW-480 and high-expresser LoVo cells for further study. We exogenously expressed FOXM1D into SW-480 cells, and knocked down FOXM1D expression in LoVo cells by lentiviral infection ([Figures 2d and e](#fig2){ref-type="fig"} lower left panels). Initially, we detected basal FOXM1A/B/C expression in SW-FOXM1D and LoVo-shFOXM1D cells to exclude the potential effects of other FOXM1 isoforms ([Supplementary Figure S3a and b](#sup1){ref-type="supplementary-material"}). Interestingly, E-cadherin staining was remarkably reduced in FOXM1D-overexpressing SW-480 cells compared with control cells ([Figure 2a](#fig2){ref-type="fig"}). On the contrary, mesenchymal markers (N-cadherin and vimentin) were significantly increased in FOXM1D-overexpressing SW-480 cells ([Supplementary Figure S4a](#sup1){ref-type="supplementary-material"}). Cell morphological conversion was observed concomitantly, as FOXM1D-overexpressing SW-480 cells displayed a more extended and elongated shape than did control cells ([Figure 2a](#fig2){ref-type="fig"}), which represents a feature of EMT.^[@bib27]^ Our studies using FOXM1D-KD LoVo cells further supported this statement. In these cells, E-cadherin expression was markedly increased with tight junctions and tense shapes that could be restored partially by transient transfection of exogenous FOXM1D, meanwhile mesenchymal markers were reduced ([Figure 2b](#fig2){ref-type="fig"}, [Supplementary Figure S4a](#sup1){ref-type="supplementary-material"}). We further determined the FOXM1D-induced classical EMT by detecting Snail/slug/Twist1/2 and P-cadherin^[@bib28]^ (data not shown). Moreover, FOXM1D overexpression increased both the migration and invasive capabilities of SW-480 cells, whereas FOXM1D-KD LoVo cells decreased the migration and invasive abilities, which were rescued by exogenously FOXM1D expression ([Figure 2c](#fig2){ref-type="fig"}, [Supplementary Figure S4d--f](#sup1){ref-type="supplementary-material"}). These results were repeatable in FOXM1D-overexpressing HeLa cells ([Supplementary Figure S4b and c](#sup1){ref-type="supplementary-material"}).

To further verify the role of FOXM1D, we constructed FOXM1A/B/C-overexpressing SW-480 cells as controls and detected the EMT related markers and metastatic capabilities *in vitro*. Immunofluorescence (IF) and immunoblot assays showed that E-cadherin levels decreased remarkably in FOXM1C/D-overexpressing cells and moderately in FOXM1B-overexpressing cells but not in FOXM1A-overexpressing SW-480 cells ([Supplementary Figure S5a and b](#sup1){ref-type="supplementary-material"}). Interestingly, the expression level of N-cadherin significantly increased only in FOXM1D-overexpressing SW-480 cells ([Supplementary Figure S5a](#sup1){ref-type="supplementary-material"}, middle). Moreover, both FOXM1B/C-overexpressing cells remarkably increased the migration and invasion comparing to control cells. However, FOXM1D displayed the most potency in promoting migration and invasion compared with FOXM1A/B/C ([Supplementary Figure S5c--e](#sup1){ref-type="supplementary-material"}). Intriguingly, we observed the obvious cell morphological alteration only in FOXM1D-overexpressing SW-480 cells with an elongated and dissociated shape indicating different mechanisms involved in FOXM1D-induced EMT and metastasis.

In *in vivo* study, we used both foot fat pad injection and orthotropic xenograft models to investigate the metastasis-promoting potential of FOXM1D.^[@bib29]^ In the foot fat pad model, we observed that FOXM1D-overexpressing SW-480 cells remarkably promotes inguinal lymph node metastases (7/7) comparing with control (1/7) ([Figure 2d](#fig2){ref-type="fig"}, upper left). In contrast, FOXM1D knockdown in LoVo cells significantly reduced metastases (0/7) than control (6/7) ([Figure 2e](#fig2){ref-type="fig"}, upper left). In the orthotopic xenograft model, mice implanted with FOXM1D-overexpressing SW-480 cells suffered from multiple metastases in the liver and abdominal cavity (7/8) compared with control (2/7) ([Figure 2d](#fig2){ref-type="fig"}, upper right). FOXM1D knockdown in LoVo cells reduced metastasis markedly (1/8) versus control (6/8) ([Figure 2e](#fig2){ref-type="fig"}, upper right). The signal intensities of lymph node and distant metastases were both quantified using the Bruker MI software (Billerica, MA, USA; [Supplementary Figure S4g and h](#sup1){ref-type="supplementary-material"}). Taken together, these results demonstrate that FOXM1D can promote colorectal cancer cell EMT and metastasis.

High FOXM1D expression correlated with colorectal cancer metastases in FUSCC cohort
-----------------------------------------------------------------------------------

Given that FOXM1D promotes cancer cell metastasis in our mouse xenografted tumor model systems ([Figures 2d and e](#fig2){ref-type="fig"}), we further examined the expression of FOXM1D in CRC samples of FUSCC cohort. Seventeen patients would be sufficient for the clinical samples (power 80%, *α*=0.05). There were no statistical difference in clinicopathological parameters between 24 non-metastatic and 22 metastatic CRC patients ([Supplementary table S1](#sup1){ref-type="supplementary-material"}). The primary tumors were examined by quantitative RT--PCR. FOXM1D was not expressed differently between tumor and paired normal tissues in non-metastatic CRC samples ([Supplementary Figure S6a](#sup1){ref-type="supplementary-material"}). However, FOXM1D exhibited a marked increase in the primary tumors of metastatic groups (*P*\<0.001) ([Supplementary Figure S6b](#sup1){ref-type="supplementary-material"}). Moreover, we also detected the expression of FOXM1A/B/C in CRC samples. FOXM1A demonstrated no difference in both two groups samples ([Supplementary Figure S6c and d](#sup1){ref-type="supplementary-material"}). The expression of FOXM1B/C showed highly significant differences in non-metastatic tumor and paired normal tissues (*P*\<0.001) ([Supplementary Figure S6e and g](#sup1){ref-type="supplementary-material"}). In addition, the expression of FOXM1B increased in metastatic tumor group (*P*\<0.05) and FOXM1C did not ([Supplementary Figure S6f and h](#sup1){ref-type="supplementary-material"}). However, the expression of FOXM1D was much higher than FOXM1B in metastatic tumor group in consideration of primer efficiency (data not shown). Altogether, the expression of FOXM1D correlated with colorectal cancer metastasis.

FOXM1D interacts directly with ROCKs
------------------------------------

In mechanical study, we performed co-immunoprecipitation (co-IP)-coupled mass spectrometric analysis and identified ROCK2 as one main FOXM1D-binding protein ([Figure 3a](#fig3){ref-type="fig"} and [Supplementary Figure S7a](#sup1){ref-type="supplementary-material"}). Next, the physical interaction between FOXM1D and ROCK2 was validated using a glutathione S-transferase (GST) pull-down assay in both LoVo and SW-480-FOXM1D cells ([Figures 3b and c](#fig3){ref-type="fig"}) as well as by co-IP-IB assays in 293 T cells that overexpressed Flag-tagged FOXM1D ([Figure 3d](#fig3){ref-type="fig"}). This result was reproduced by reverse co-IP-IB assays using the anti-ROCK2 antibody ([Figure 3e](#fig3){ref-type="fig"}). More convincingly, this result was further confirmed by a double co-IP with CP11 and CP12 antibodies, respectively, excluding the possible interference of this interaction by endogenous FOXM1A ([Figures 3f and g](#fig3){ref-type="fig"}). Also, we observed that FOXM1D mainly resides in the cytoplasm ([Supplementary Figure S7b](#sup1){ref-type="supplementary-material"}). Our IF assays showed that ROCK2 is colocalized with FOXM1D, but not FOXM1A/B/C, in the cytoplasm of 293 cells ([Figure 3h](#fig3){ref-type="fig"} and [Supplementary Figure S7c](#sup1){ref-type="supplementary-material"}). Consistently, ROCK2 did not interact with either of the FOXM1A, 1B and 1C proteins by co-IP-IB assays ([Supplementary Figure S7d](#sup1){ref-type="supplementary-material"}). Therefore, these results demonstrate that only FOXM1D interacted with ROCK2. Like ROCK2, ROCK1 also bound to FOXM1D as confirmed by using GST pull-down and co-IP assays ([Figures 3i and j](#fig3){ref-type="fig"}), suggesting that FOXM1D may influence EMT and metastasis by interacting with both of ROCK1 and ROCK2.

FOXM1D is crucial for the ROCKs ability to regulate actin arrangement and EMT in a Rho-dependent manner
-------------------------------------------------------------------------------------------------------

Because ROCKs have an important role in cytoskeletal rearrangement and EMT by inducing the phosphorylation of several target substrates,^[@bib5],\ [@bib6]^ we examined the actin organization in proficient and deficient cells. The fluorescence intensities of F-actin and phospho-myosin light chain (MLC) in the cytoplasm were quantified. In FOXM1D-overexpressing SW-480 cells, actin polymerization increased as shown by phalloidin staining of F-actin compared with control SW-480 cells ([Figures 4a and b](#fig4){ref-type="fig"}). As an essential substrate of ROCKs, MLC phosphorylation also increased significantly in the cytoplasm of these cells ([Figure 4a](#fig4){ref-type="fig"}), which subsequently enhances actomyosin contractility. By striking contrast, F-actin was depolymerized in FOXM1D knockdown cells, compared with control LoVo cells, which was rescued by overexpression of ectopic FOXM1D ([Figure 4b](#fig4){ref-type="fig"}). Interestingly, both F-actin and phospho-MLC in FOXM1D knockdown LoVo cells moved near the cell membrane from the cytoplasm ([Figure 4b](#fig4){ref-type="fig"}).

Correlated with the morphological phenotypic changes as described above, the phosphorylation, but not expression, levels of LIMK1/2, cofilin and MLC (involved in actomyosin contractility) were increased markedly in FOXM1D-overexpressing SW-480 cells ([Figure 4c](#fig4){ref-type="fig"}, left panel), but reduced markedly in FOXM1D-deficient LoVo cells ([Figure 4c](#fig4){ref-type="fig"}, right panel). The phosphorylation levels of LIMK1/2, cofilin and MLC phospho-cofilin was restored in FOXM1D-deficient LoVo cells by ectopically expressed FOXM1D ([Figure 4c](#fig4){ref-type="fig"}, right panel). These results indicate that the activity of ROCKs is influenced by FOXM1D. Further, the ROCK activity as measured by enzyme-linked immunosorbent assay was enhanced significantly in FOXM1D-overexpressing SW-480 cells ([Figure 4g](#fig4){ref-type="fig"}), but decreased considerably in FOXM1D knockdown LoVo cells ([Figure 4g](#fig4){ref-type="fig"}).^[@bib30]^ We also repeated the experiments in HeLa cells ([Supplementary Figure S8c](#sup1){ref-type="supplementary-material"}).

Next, we determined whether ROCKs activation by FOXM1D is Rho-dependent, as ROCKs can be activated by arachidonic acid and granzyme B in a Rho-independent manner.^[@bib31],\ [@bib32]^ We observed the morphological changes of SW-480-FOXM1D cells treated with Rho inhibitor I. The cell size decreased notably, along with F-actin and phospho-MLC translocation from the cytoplasm to the membrane ([Figure 4d](#fig4){ref-type="fig"}). The expression of E-cadherin increased, and the phosphorylation of LIMK1/2, MLC and cofilin significantly decreased, which was consistent with decreased ROCKs activity as determined by enzyme-linked immunosorbent assay ([Figure 4f](#fig4){ref-type="fig"}, left panel, [Figure 4g](#fig4){ref-type="fig"} and [Supplementary Figure S8d](#sup1){ref-type="supplementary-material"}). In addition, we found that the cell size, stress fiber formation and F-actin levels of LoVo control cells increased remarkably after treatment of control LoVo cells with Rho activator I, indicating its strong potency ([Supplementary Figure S8a](#sup1){ref-type="supplementary-material"}). Subsequent results showed that activation of ROCKs by Rho agonist was FOXM1D-dependent ([Figures 4e and f](#fig4){ref-type="fig"}, right panel and [Supplementary Figure S8b](#sup1){ref-type="supplementary-material"}). Taken together, these results indicate that both FOXM1D and Rho-GTPases are interdependently required for ROCKs activation, actin polymerization and cytoskeletal rearrangement.

ROCKs inhibitors abrogate FOXM1D-induced ROCKs activation
---------------------------------------------------------

As two specific inhibitors of ROCKs, Y-27632 and fasudil, have been shown to reduce tumor progression in various types of cancers,^[@bib8]^ we tested whether Y-27632 and fasudil could also abolish FOXM1D-induced ROCKs activation by IF assays. These two inhibitors induced depolymerized actin, remarkably reduced phospho-MLC (Ser19) levels and altered cell shape of FOXM1D-overexpressing SW-480 and LoVo cells ([Figure 5a](#fig5){ref-type="fig"} and [Supplementary Figure S9a](#sup1){ref-type="supplementary-material"}), compared with that in control SW-480 or LoVo cells ([Figures 4a and b](#fig4){ref-type="fig"}). They also induced E-cadherin expression ([Figure 5b](#fig5){ref-type="fig"} and [Supplementary Figure S9b](#sup1){ref-type="supplementary-material"}) as well as reduced phosphorylation of ROCKs\' substrates in FOXM1D-overexpressing SW-480 and LoVo cells ([Figure 5d](#fig5){ref-type="fig"} and [Supplementary Figure S9d](#sup1){ref-type="supplementary-material"}) and ROCK activity as measured by enzyme-linked immunosorbent assay in both FOXM1D-overexpressing SW-480 and LoVo cells ([Figure 5c](#fig5){ref-type="fig"} and [Supplementary Figure S9c](#sup1){ref-type="supplementary-material"}). These results suggest that FOXM1D-induced ROCKs activation may contribute to destruction of cell junctions. It may result from the reduced expression of E-cadherin and phosphorylation of other ROCKs-targeted substrates. The destruction of cell junctions could be reversed by Y-27632 or fasudil. As Y-27632 administration did not interfere with the binding of FOXM1D to ROCK2 ([Figure 5e](#fig5){ref-type="fig"}), Y-27632 may bind to ROCK2 at a site distinct from that of FOXM1D, suggesting that this inhibitor may abolish FOXM1D activation of ROCKs activation by an allosteric mechanism.

Mapping of the binding domains of FOXM1D and ROCK2
--------------------------------------------------

To further interrogate the mechanism for FOXM1D activation of ROCK2, we tried to define the binding domains of FOXM1D and ROCK2. ROCK2 consists of an N-terminal kinase domain, a potential coiled-coil-forming region that contains a Rho-binding domain (RBD), and a C-terminal domain with an auto-inhibitory capability of blocking its own kinase activity ([Figure 6A (ai](#fig6){ref-type="fig"}).^[@bib5]^ We generated a series of hemagglutinin-tagged ROCK2 truncated mutants as shown in [Figure 6A (ai)](#fig6){ref-type="fig"} and expressed in 293 T cells (marked asterisk in [Figure 6B (bi](#fig6){ref-type="fig"}). Using these constructs, we conducted transient transfection followed by co-IP assays and found that only hemagglutinin antibody bound intact ROCK2 (a) and three ROCK2 mutants (c, d and e) could capture FOXM1D ([Figure 6B (bi)](#fig6){ref-type="fig"}, upper panel). Furthermore, when Flag-tagged FOXM1D was co-expressed in the above 293 T cells, the IF assay yielded results that were consistent with the co-IP results, that is, ROCK2 mutants b and f failed to bind to FOXM1D ([Figure 6D](#fig6){ref-type="fig"}). Thus, the RBD-containing coiled-coil region (residues 686--1145) of ROCK2 interacts with FOXM1D. Next, using co-IP assay we defined the precise FOXM1D-binding domain (FBD) in ROCK2 by further chopping the RBD-containing coiled-coil region into three truncated mutants ([Figure 6A (aii)](#fig6){ref-type="fig"}). The result shown in [Figure 6B (bii)](#fig6){ref-type="fig"} determined that mutant g (residues 686--824) adjacent to RBD was the minimal essential FBD. Meanwhile, the result of GST pull-down assay further verified the interaction between GST-FOXM1D and ROCK2 (686--824 aa), that is, mutant g ([Figure 6B (biii)](#fig6){ref-type="fig"}). The coiled-coil usually contains a heptad repeat of hydrophobic and charged amino-acid residues, representing a highly versatile functional motif.^[@bib33],\ [@bib34]^ We screened the residues 686--824 region of ROCK2, and then mutated the seven hydrophobic I/L to hydrophilic G ([Figure 6C (ci)](#fig6){ref-type="fig"}). Among the four ROCK2 coiled-coil mutants, the first and second mutants totally abolished, and the third and fourth mutants significantly impaired the binding activity of ROCK2-FBD region to FOXM1D ([Figure 6C (cii)](#fig6){ref-type="fig"}). Therefore, these results indicate that the coiled-coil motif with a heptad repeat of hydrophobic and charged amino-acid residues in residues 686--824 region of ROCK2 is an essential unit for the intact binding of ROCK2 to FOXM1D.

To map the ROCK2-finding domain in FOXM1D, we generated five FOXM1D mutants (named a--e) ([Figure 6E](#fig6){ref-type="fig"}) and expressed them in 293 cells ([Figure 6F](#fig6){ref-type="fig"}). The co-IP experiment showed that only those FOXM1D fragments (a, b, c and d) containing residues 218--406 (encoded by exons IV, V and VI) bound to ROCK2 ([Figure 6F](#fig6){ref-type="fig"}), indicating that this region is the essential region for FOXM1D to physically bind to ROCK2. Although FOXM1A/B/C contain fragments of residues 218--406, the other parts might conformationally shield this region owing to steric hindrance, leading to the inability to bind to ROCKs. Consistently, only FOXM1D fragments a, b and c, which contain residues 218--454 with exon VIIa, could activate ROCKs activity after transfection of 293 cells ([Figure 6G](#fig6){ref-type="fig"}), suggesting the critical role of the insertion of an additional exon VIIa in FOXM1D-dependent activation of ROCKs activity. We further tested whether the addition of exon Va would have an impact on the interaction between FOXM1D and ROCK2. The 218--469 region (contains both exon Va and VIIa) of FOXM1A were constructed into the Flag-tag plasmid. The IP assay demonstrated that 218--469 region of FOXM1A failed to bind to ROCK2 comparing to full-length FOXM1D, indicating that the existence of exon Va may induce steric hindrance for the interaction with ROCK2 ([Supplementary Figure S10](#sup1){ref-type="supplementary-material"}). Therefore, these results strongly indicate that the region of FOXM1D, containing exon VIIa, is essential for binding to the FBD of ROCK2, and this binding is important for ROCK2 activation.

Colocalization of FOXM1D and ROCK2 in clinical samples
------------------------------------------------------

At last, we employed the immunohistochemistry (IHC) method to detect the expression of FOXM1D using CP12 in distinct colorectal tumor or normal tissues. To avoid FOXM1A interference, we compared the expression levels of FOXM1A and FOXM1D in five non-metastatic and five metastatic tumor tissues using quantitative RT--PCR. Consistent with the previous data, FOXM1A was negligibly expressed in both types of tissues compared with FOXM1D and beta-actin ([Supplementary Figure S11](#sup1){ref-type="supplementary-material"}). Thus, CP12 staining principally represents FOXM1D expression. The IHC results revealed that FOXM1D is highly expressed in primary and metastatic liver tissues of 22 colorectal cancer patient, but not in 24 non-metastatic colorectal cancer samples and paired normal colorectal samples (a representative result is shown in [Supplementary Figure S12a](#sup1){ref-type="supplementary-material"}, left panel). Correspondingly, ROCK2 was also highly expressed in metastatic, but not non-metastatic, colorectal tumors ([Supplementary Figure S12a](#sup1){ref-type="supplementary-material"}, middle panel). In addition, the IHC score assessment revealed that FOXM1D expression in metastatic samples was markedly higher than that in non-metastatic samples (*P*\<0.001) ([Supplementary Figure S12b](#sup1){ref-type="supplementary-material"}). Their expressions were correlated with each other in these tumor samples ([Supplementary Figure S12c](#sup1){ref-type="supplementary-material"}). Therefore, these findings demonstrate that FOXM1D is associated with colorectal cancer metastasis, suggesting that FOXM1D might be a potential biomarker for progressive colorectal cancer.

Discussion
==========

FOXM1 has been generally regarded as a nuclear proliferation-specific transcription factor that is essential for regulation of the cell cycle, specifically for timely entry into both the S phase and mitosis.^[@bib14],\ [@bib15]^ Consistently, FOXM1 has also been shown to function as a potent oncoprotein that participates in a series of tumorigenesis stages, from neoplasia to distant metastasis.^[@bib35]^ Despite the existence of a nuclear localization sequence, nuclear localization of FOXM1C requires phosphorylation by Raf/MEK/MAPK signaling.^[@bib36]^ Interestingly, Wnt3a increases the level and nuclear accumulation of FOXM1 (B), which subsequently mediates β-catenin nuclear translocation and promotes glioma tumorigenesis.^[@bib37]^ Regardless of these studies, it remains unclear whether and how exactly this family regulates cancer metastasis. The studies presented here not only identified FOXM1D as a novel member of this family, but also demonstrated its role in promoting EMT and colorectal cancer cell metastasis.

Unlike other isoforms (FOXM1B/C) that promote metastasis by regulating the expression (for example, matrix metalloproteinases, vascular endothelial growth factor, lysyl oxidase, slug and stathmin) or location (β-catenin) of the associated molecules, FOXM1D employs a unique mechanism to promoting EMT and metastasis by activating ROCKs together with Rho-GTPases, thus leading to cell detachment, motility and invasion by cytoskeletal rearrangement.

Even there is only a difference in a few dozen amino acids among the four FOXM1 isoforms, FOXM1D exerts completely distinct functions and cellular localization compared with other FOXM1 isoforms. Therefore, cancer cells may take advantage of the alternative splicing and auto-regulation loop to produce different FOXM1 isoforms that can help the cells advance to more aggressive stages.^[@bib38],\ [@bib39]^

Our studies further showed that FOXM1D promotes cancer cell metastasis by interplaying with Rho/ROCK pathway. The Rho GTPase family members are best known as key regulators of various cell biological processes, including cell shape, motility, proliferation and apoptosis, by regulating actin cytoskeleton organization and dynamics.^[@bib5]^ Two ROCK isoforms, ROCK1 and ROCK2, exist in human cells and share 65% sequence identity overall and 92% identity in their kinase domains. ROCKs are activated when GTP-bound RhoA/C bind to RBD in the coiled-coil region of ROCKs, converting the ROCK kinase from a closed auto-inhibitory conformation to an open conformation. Therefore, RhoA/C family members promote actomyosin contractile force generation via the ROCK1/2-mediated phosphorylation of numerous downstream target proteins, including LIMK1/2, MLC and the myosin-binding subunit of MLC phosphatase, to inhibit catalytic activity and subsequent MLC dephosphorylation. These events contribute directly to several proximal processes, including the regulation of morphology, motility, and cell--cell and cell--matrix adhesion. Our studies as described here add another novel player in this regulation. We showed that FOXM1D is crucial for ROCKs activation. As shown in [Figure 7](#fig7){ref-type="fig"}, FOXM1D bound to the FBD of ROCKs via its specific fragment encoded by exons V, VI, VII and VIIa, whereas GTP-bound Rho bound directly to the RBD adjacent to FBD. The assembly of the heterotrimer releases ROCKs activity from an auto-inhibitory status. Accordingly, the activated ROCKs induce the phosphorylation of a series of substrates, thus leading to F-actin assembly and actomyosin contraction, which are prerequisites for cancer cell EMT and metastasis.

We also demonstrate that the sharp changes are accompanied by cytoskeletal remodeling in FOXM1D overexpression or knockdown cancer cells. ROCKs inactivation by RhoA/C knockdown induces a notable increase in E-cadherin expression.^[@bib34]^ Furthermore, ROCKs inactivation by Rho or ROCKs inhibitors or FOXM1D knockdown produces a significant increase in E-cadherin expression. Moreover, ROCKs activation may induce additional distal cellular effects, such as gene transcription, proliferation, differentiation, apoptosis and oncogenic transformation,^[@bib40]^ further highlighting the significance of FOXM1D in tumor progression.

Consistent with the above findings, the pharmacologic inhibitors of ROCKs, Y-27632 and fasudil, which target the ATP-dependent kinase domain, inhibit ROCK1 and ROCK2 at equimolar concentrations. Fasudil has been approved for clinical application in China and Japan since 1995. This inhibitor was shown to inhibit tumor dissemination and metastasis.^[@bib41]^ Moreover, Y-27632 displays potent anti-tumor invasion and metastasis activity in mice.^[@bib42],\ [@bib43]^ Considering that the binding site of FOXM1D is distinct from those of Y-27632 and fasudil in ROCKs, these ROCKs inhibitors may inactivate FOXM1D-induced ROCKs activation through an allosteric mechanism.

In summary, our studies demonstrate FOXM1D as a novel isoform of FOXM1 and a new player in cancer cell EMT and metastasis by directly binding to ROCKs and activating their kinase activity. Also, we showed the high correlation of the FOXM1D expression level with metastasis in colorectal cancer patients. This finding suggests that FOXM1D might be a prospective biomarker for metastasis evaluation and a potential target for future development of anti-metastatic cancer therapy.

Materials and methods
=====================

Study approval
--------------

Animal studies were approved by the Animal Ethics Committee at Shanghai Medical School, Fudan University. Forty-six fresh-frozen colorectal cancer samples and 24 adjacent normal colon tissues were obtained from the Tissue Bank at Fudan University Shanghai Cancer Center. All patients signed written consent forms, and the use of these samples was approved by the Ethics Committee at Fudan University Shanghai Cancer Center.

GeneRacer PCR for FOXMD identification
--------------------------------------

GeneRacer PCRs were performed according to the manufacturer\'s protocol (Invitrogen, Hudson, NH, USA). The first PCR amplification was performed using the complementary DNA obtained by 5\' GeneRacer PCR with the primers FP1 and RP1 ([Figure 1a](#fig1){ref-type="fig"}). The first-round PCR product was extracted to perform nested PCR with the primers FP1 and RP2. The nested PCR product was analyzed on an agarose gel. Finally, the bands were excised from the gel, cloned into a pMD-19 T-vector (Takara Bio, Dalian, China), and sequenced. The coding sequences of FOXM1A/B/C were also cloned for future study by PCR using the primer pairs FR2 and RP3 (primer sequences are listed in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}).

*In vivo* metastatic animal models and bioluminescent imaging
-------------------------------------------------------------

The metastatic animal study was performed by animal experiment technicians for blinding. Male BALB/c nude mice (5 weeks) were purchased from Shanghai SLAC Animal Laboratory of the Chinese Academy of Sciences. The animals were marked and allocated randomly. For the lymph node metastasis assays, 1.5 × 10^6^ of the cells shown in the left panel of [Figures 2d and e](#fig2){ref-type="fig"} were suspended in 100 μl of serum-free media and rear injected into the hind limb foot pad (seven mice/group). To detect metastases of orthotopic colorectal cancer, 3 × 10^6^ of the cells shown in the right panel of [Figures 2d and e](#fig2){ref-type="fig"} were suspended in 100 μl of serum-free media and injected subcutaneously into nude mice. After 2 weeks, the subcutaneous tumors were collected sterilely and diced into 1 mm^3^ pieces. Before transplantation, the cecal wall was damaged slightly to facilitate tumor cell infiltration. Then, the small tumor cubes were seeded on the blind end of the cecum of the nude mice (eight mice/group). For the *in vivo* metastatic animal study, the power value of each group was enough to detect the effect size (power 92.3%, *α*=0.05). *In vivo* tumor formation and metastasis were tracked by bioluminescence. Before imaging, [d]{.smallcaps}-luciferin (PerkinElmer, Waltham, MA, USA) was injected intraperitoneally into the mice (150 mg/kg). After 5 min, bioluminescence was performed using an *In Vivo* system (*In Vivo* MS FX PRO, Bruker). Luminescent images were captured with 300 s of exposure time. The signal intensities of the metastasis sites were measured by Bruker MI software. The resulting images were automatically merged with X-ray and luminescent photographs using the *In Vivo* system software. The mice were euthanized and dissected after 8 weeks.

Statistics
----------

Sample size estimation and power calculation were determined by PASS 11.0 (NCSS, Kaysville, UT, USA). The significance of the in *vivo* metastatic assays (foot pad and orthotopic) was determined by Fisher\'s exact test. Student\'s *t*-test was used in continuous variable with similar variance. In detail, the significance of ROCKs activity, the quantitative PCR results from patient specimens, the signal intensities of metastasis sites, and the in *vitro* assays was determined by Student\'s *t*-test (two-tailed). Multiple group variables with similar variance were performed by one-way analysis of variance. The significance of IHC staining scores of ROCK2 and FOXM1D was determined by an independent samples *t*-test using SPSS software. The significance of clinical characteristics of colorectal patients was determined by Student\'s *t*-test or *χ*^2^-test. The correlation of IHC staining scores for ROCK2 and FOXM1D was determined by Pearson\'s correlation test (two-tailed). \**P*\<0.05 was considered significant. \*\**P*\<0.01 was considered remarkably different. \*\*\**P*\<0.001 was considered highly remarkably different.
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![Identification of FOXM1D. (**a**) Diagram of FOXM1 exons, the primers FP1, RP1 and RP2 for identifying FOXM1D, and the primers FP2 and RP3 for amplifying full-length FOXM1D. (**b**) Amplified fragments using the primers FP1 and RP1 in the first-round PCR. The arrows indicate the different amplified products (**a**--**d**) as templates in the second-round PCR. (**c**) The arrows indicate the amplified 533 and 488 bp PCR products corresponding to FOXM1D (**e**) and FOXM1A (**f**), which were amplified by the primers FP1 and RP2 in the second-round PCR. (**d** and **e**) Sequencing result (**d**) of band **e** in (**c**) indicates FOXM1D, which retains the VIIa exon that is absent in FOXM1B (**e**). (**f**--**i**) mRNA levels of FOXM1A (**f**), FOXM1B (**g**), FOXM1C (**h**) and FOXM1D (**i**) in human colorectal cancer cell lines as detected by qRT--PCR. (**j**) Diagram and sequences of the epitopes for polyclonal antibody preparation. CP11, joint region of exon V and VI; CP12, part of exon VIIa; DBD, DNA-binding domain; TAD, transactivation domain. (**k**) Protein level of FOXM1D in human colorectal cancer cell lines as detected by the customized polyclonal antibodies CP11 and CP12. The ratios of detected target proteins against actin control were analyzed and shown under each immunoblot image. The data are represented as mean±s.d., *n*=3. See also [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}.](onc2016249f1){#fig1}

![FOXM1D Promotes EMT and Metastasis in *vitro* and in *vivo*. (**a** and **b**) IF staining for E-cadherin (green) and nuclei (DAPI, blue) was performed in SW-480 cells transfected with control or FOXM1D-expressing (**a**) or in LoVo cells transfected with control, FOXM1D shRNA or FOXM1D shRNA with simultaneous FOXM1D-restored vector (**b**) (scale bar, 25 μm). FOXM1D sufficiency decreased and FOXM1D insufficiency increased E-cadherin level. The cell morphological changes between the FOXM1D-sufficient and -insufficient cells, as determined by microscopy, are shown in the right panel (scale bars, 200 μm and 40 μm, respectively). (**c**) A transwell assay determined that FOXM1D sufficiency promotes and FOXM1D insufficiency inhibits the invasion capability of the indicated cells. The quantified results are shown in [Supplementary Figure S4f](#sup1){ref-type="supplementary-material"}. (**d--e**) FOXM1D sufficiency promotes and FOXM1D insufficiency impairs cancer progression and metastasis. SW-480 cells transfected with the control vector or with FOXM1D-expressing vector (**d**, upper panel) or LoVo cells transfected with shRNA-control or shRNA-FOXM1D (**e**, upper panel) were implanted in the foot pad or orthotopic cecum of BALB/c nude mice, respectively. The metastasis incidence and signal intensities in each group are shown at the bottom. The red arrows indicate orthotopic tumor formation and metastatic liver nodules (**d** and **e**, bottom right). The efficacy of overexpressing or knocking down FOXM1D was determined by IB assay (**d** and **e**, bottom left). The images are representative of at least seven implanted mice. \*\**P*\<0.01 vs control groups. See also [Supplementary Figures S2](#sup1){ref-type="supplementary-material"}.](onc2016249f2){#fig2}

![FOXM1D Directly Interacts with ROCKs. (**a**) ROCK2 was identified as one of FOXM1D-binding proteins. 293 T cells were transfected with Flag-tagged FOXM1D-expressing or control plasmid. IP was performed with the cell extracts using anti-Flag antibody. Subsequently, the IP complex was subjected to LC-MS/MS analysis. (**b** and **c**) GST-FOXM1D binds to ROCK2. GST pull-down was performed using GST-FOXM1D and total cell extracts of LoVo (**b**) or SW-480 (**c**) cells, followed by IB with anti-ROCK2 antibody. (**d**) Flag-tagged FOXM1D binds to ROCK2. 293 T cells were transfected with Flag-FOXM1D-expressing or control plasmid, followed by IP using anti-Flag antibody and IB with anti-ROCK2 antibody. (**e**) Reciprocal IP was performed in the indicated cells using anti-ROCK2 antibody, followed by IB with CP11 and CP12 antibodies. (**f**) Schematic diagram of Re-IP, that is, two-step IP using CP11 and CP12 antibodies. (**g**) Two round co-IP was performed using the indicated cell extracts. A greater amount of ROCK2 was captured in SW-480-FOXM1D cells. (**h**) FOXM1D colocalizes with ROCK2. Triple IF staining for Flag-FOXM1D (green), HA-ROCK2 (red), and nuclei (DAPI, blue) was performed in 293 cells that were transiently co-transfected with pFLAG-CMV-4-FOXM1D and pCMV-C-HA-ROCK2. Scale bar, 25 μm. (**i**) GST-FOXM1D also binds to ROCK1. GST pull-down was performed using GST-FOXM1D and LoVo total cell extracts, followed by IB with anti-ROCK1 antibody. (**j**) Flag-tagged FOXM1D also binds to ROCK1. 293 T cells were transfected with Flag-tagged FOXM1D-expressing or control plasmid, followed by IP using anti-Flag and IB with anti-ROCK1 antibody. See also [Supplementary Figure S7](#sup1){ref-type="supplementary-material"}.](onc2016249f3){#fig3}

![FOXM1D is crucial for the ROCKs\' ability to regulate actin arrangement and EMT in a Rho-dependent manner. (**a--b**) Triple IF staining for F-actin (phalloidin, green), phospho-MLC (red) and nuclei (DAPI, blue) in SW-480 cells transfected with control and FOXM1D-expressing vector (**a**) or in LoVo cells transfected with shRNA-control, shRNA-FOXM1D or shRNA-FOXM1D and restored FOXM1D-expressing vector (**b**). The cell morphological changes and F-actin assembly among these cells are shown. Scale bar, 25 μm. (**c**) IB assay. The expression and/or phosphorylation of ROCKs downstream targets in the indicated cells. (**d**--**e**) Triple IF staining for F-actin (phalloidin, green), phospho-MLC (red) and nuclei (DAPI, blue) was performed to detect cytoskeletal changes. SW-480-FOXM1D cells were treated with Rho inhibitor (1 μg/ml) for 4 h (**d**). LoVo-shRNA-FOXM1D cells were treated with Rho activator (1 U/ml) for 30 min (**e**). Scale bar, 25 μm. (**f**) IB assay. The expression and/or phosphorylation of E-cadherin, ROCKs downstream targets in the indicated cells treated with Rho inhibitor or Rho activator. (**g**) ROCKs activity was measured by ELISAs. In SW-480 cells, FOXM1D overexpression enhanced ROCKs activity, which was inhibited by Rho inhibitor. In LoVo cells, FOXM1D knockdown decreased ROCKs activity, and Rho activator treatment induced a slightly increase in ROCKs activity in FOXM1D knockdown cells. Restored FOXM1D expression recovered ROCKs activity. The data are represented as mean±s.d. for triplicate samples. \**P*\<0.05 and \*\**P*\<0.01. See also [Supplementary Figure S8](#sup1){ref-type="supplementary-material"}.](onc2016249f4){#fig4}

![ROCKs Inhibitors Abrogate FOXM1D-Induced ROCKs Activation. (**a--b**) Triple IF staining for F-actin (phalloidin, green), phospho-MLC (**a**) or E-cadherin (**b**) (red) and nuclei (DAPI, blue) showed decreased F-actin and phosphorylated MLC, increased E-cadherin and altered cell shape and size in SW-480-FOXM1D cells treated with the ROCKs inhibitor Y-27632 or fasudil (both 10 μM, for 24 h). Scale bar, 25 μm. (**c**) Y-27632 significantly reduced ROCKs activity in SW-480-FOXM1D cells as measured by ELISAs. The data are represented as mean±s.d. for triplicate samples. \* *P*\<0.05. (**d**) IB assay. The expression and/or phosphorylation of E-cadherin and ROCKs downstream targets in SW-480-FOXM1D cells treated with Y-27632. (**e**) Y-27632 does not affect the binding of FOXM1D to ROCK2, indicating that the binding site of FOXM1D differs from that of Y-27632 on ROCK2. SW-480-FOXM1D cells were treated with Y-27632 (10 μM, for 24 h), and then, IP was performed using anti-ROCK2 antibody, followed by IB with CP12 antibody. See also [Supplementary Figure S9](#sup1){ref-type="supplementary-material"}.](onc2016249f5){#fig5}

![Identification of interacting sites of FOXM1D and ROCK2. (**A**) Schematic illustration of truncated mutants of ROCK2 (**A**ai) and its coiled-coil region (686--1145 aa) (**A**aii). (**B**) A series of HA-tagged ROCK2 and its truncated mutants (mutants **A**--**F** in figure ai, and mutants **G**-**I** in figure aii, all of which were marked by asterisks in figure bi and bii) were expressed in 293 T cells and then subjected to IP using anti-HA antibody, followed by IB with CP12 antibody. In (**B**bi), only intact ROCK2 (**A**) and three mutants (**C**--**E**) captured FOXM1D, and further, only mutant g captured FOXM1D using IP and GST pull-down assay, respectively (**B**bii and **B**biii). All of these constructs are marked as '+\' in (**A**). (**C**) Schematic illustration of minimal FOXM1D-binding domain and its site-mutated mutants in (**C**ci). The mutants were expressed in 293 T cells and subjected to IP using anti-HA antibody as previously mentioned. Mutants 3 and 4 showed a subtle binding with FOXM1D in (**C**cii). (**D**) Triple IF staining for HA-ROCK2 deletion mutants (red), Flag-FOXM1D (green) and nuclei (DAPI, blue) showed the cellular colocalization between FOXM1D and the ROCK2 truncated mutants indicated in (bi). Scale bar, 25 μm. (**E**) Schematic illustration of FOXM1D and its truncated mutants. (**F**) A series of Flag-tagged FOXM1D and its truncated mutants (**A**--**E** marked by asterisks) were expressed in 293 T cells and then subjected to IP using anti-Flag antibody, followed by IB with ROCK2 antibody. Only intact FOXM1D (**A**) and its mutants (**B**, **C** and possibly **D**) captured ROCK2; these constructs are marked as '+\' in (**E**). (**G**) ROCKs activity in 293 T cells that expressed intact FOXM1D or its mutants was measured by ELISAs. The data are represented as mean±s.d. for triplicate samples. \**P*\<0.05 vs blank. See also [Supplementary Figure S10](#sup1){ref-type="supplementary-material"}.](onc2016249f6){#fig6}

![Schematic diagram of the role of FOXM1D in ROCKs activation. The simultaneous binding of FOXM1D to FBD and active Rho-GTP to RBD in the ROCKs coiled-coil region activates ROCKs. ROCKs activation impairs E-cadherin level and phosphorylates LIMK1/2, cofilin and MLC that regulate F-actin rearrangement and cell shape collaboratively, eventually leading to EMT and metastasis. PH, pleckstrin homology domain; CRD, cysteine-rich domain; RBD, Rho-binding domain (ROCK2 residues 934--1015); FBD, FOXM1D-binding domain (ROCK2 residues 686--824), which interacts with the FOXM1D region coded by exons V, VI, VII, VIIa.](onc2016249f7){#fig7}
